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Abstract
Assessing processes involved in particle dynamics in the marine environment is
an important step in order to understand the role of oceans in the global cycle of
carbon and related elements. The sinking of particles represents one of the most
important processes of exchange from the upper to deep ocean, and the export of
organic carbon, produced by phytoplankton in the photic layers, gives the estimation
of the efficiency of the biological pump.
In the framework of several national and international projects, vertical fluxes of
particulate matter and their biogenic components were analysed in the Adriatic and
Ionian seas and in the Sicily strait, below the photic layer and near the bottom to de-
fine the principal processes affecting the dynamics of suspended matter in the open
sea and along the continental margins.
In open seas, the pool of particulate organic carbon is mainly determined by au-
totrophic production occurring in the upper layer of the water column, supported by
the seasonal mixing, deep convection events and coastal-offshore exchange. The ex-
port of particles depends on production, consumption and decomposition controlled
by physical and biological processes with high seasonal and interannual variability.
Near the sea floor, advective transport and resuspension of bottom sediment influ-
ence the fluxes. In the Southern Adriatic, the Bari Canyon is an efficient conduit in
delivering suspended sediment from the continental shelf to the deep basin.
1 Introduction
The increase of atmospheric CO2 and the
associated global warming could modify
the chemical and physical cycle of nutri-
ents with important effects on biological
processes (e.g., [1, 2] and on the function-
ing and efficiency of the biological pump
in the oceans.
Open oceans are considered key areas for
their role in the global cycling of matter
and energy. The annual uptake of CO2
by the surface ocean has been estimated to
range from 1 to 3 Gt of carbon [3], and
the biological processes involving the or-
ganic carbon production in upper oceans
and transport in deep layers, highly affect
the CO2 budget. The uptake of carbon
by marine phytoplankton and the consump-
tion of this organic material by zooplank-
ton and marine bacteria form the basis
of the “biological pump”. These surface-
dominated processes develop and regulate
the flux of sinking particles to depth.
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Assessing processes involved in particle
dynamics in the marine environment is an
important step in order to understand the
role of oceans in the global cycles of car-
bon and related elements and the sinking of
particles, the “marine rain”, represents one
of the most important processes linking the
upper to deep ocean. In open seas, the pool
of particulate organic carbon - POC - is
mainly determined by autotrophic produc-
tion occurring in the upper layer of the wa-
ter column, supported by the seasonal mix-
ing, deep convection events and coastal-
offshore exchange. The export of organic
carbon, produced by phytoplankton in the
photic layers, gives the estimation of the ef-
ficiency of the biological pump [4].
The export of particles depends on the
equilibrium among production, consump-
tion and decomposition controlled by phys-
ical and biological processes with high sea-
sonal and interannual variability. Several
physical and biological factors, affecting
the transport efficiency of POC as it sinks
through the mesopelagic zone, are of con-
siderable importance to predictions of C se-
questration in the deep sea [5].
In open sea environments, productivity
may be estimated by the amount of organic
matter that falls out from the photic zone
thus vertical fluxes could be related to new
production processes [6].
Particle fluxes to the sea floor and physical-
chemical transformations occurring while
settling through the water column are in-
vestigated analysing the composition of the
material caught in intercepting sediment
traps. The collection of sinking particles by
means of sediment traps has revealed a re-
lationship between exported fluxes and pri-
mary productivity of overlying waters.
Particle dynamics is generally related to the
transport of material from the source areas,
generally located in the surface layer, to the
sea bed, that could represent the final sink
of the material.
In this process continental margins give an
important contribution to the total budget
of material transferred to the deep envi-
ronments and peculiar geo-morphological
structures, as canyons, are generally as-
sumed to play an important role in water
and sediment transport from the shelf to
the deep sea. The central Mediterranean
because of its geo-morphology and water
circulation is particularly exposed to cli-
mate changes, so that studying the distri-
bution and the exchange between the up-
per and deep sea is considered highly im-
portant, the southern Adriatic and Ionian
seas being relevant regions in the dynam-
ics of the basin. Studies on the physical
oceanography of these regions showed a
high variability at seasonal and interannual
time scale [7, 8] but the influence of these
rapid changes on production and transport
of suspended matter is not yet completely
understood [9].
Since 1994, in the framework of several
national and international projects (e.g.,
EU-OTRANTO, EU-EUROMARGE, EU-
MATER, EU-EUROSTRATAFORM, EU-
HERMES, EU-HERMIONE, VECTOR,
OBAMA) particle fluxes were determined
in deep areas of the Southern Adriatic
(1200 m depth) and northern and western
Ionian Sea at 2400 and 3300 m depth, re-
spectively (Figure 1), deploying moorings
equipped with sediment traps, below the
photic zone (150 m depth) and near the
sea floor. Moreover, to point out the influ-
ence of shelf areas and the transport along
the slope to the deep basin, 3 stations were
analysed in the Bari canyon area (600 m
depth) and 2 stations in the Gela basin
(Sicily strait area, 600 m depth), an area
characterised by the presence of submarine
slides (Figure 1).
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Figure 1: Map of the sites where time-series samples were collected by sediment traps.
Circles indicate the deep areas in the Ionian (two stations) and Adriatic seas, squares in-
dicate the continental margins investigated: the Bari canyon (three stations) and the Gela
basin (two stations). Plot realized by Ocean Data View program [10].
These investigations permitted to de-
fine:
- the temporal and spatial variability
of particulate material, its production,
transfer and sedimentation processes;
- the influence of the hydrological and
dynamical structures on production and
transfer of particulate material to the sea
floor;
- the export of particulate organic carbon
from the photic zone and the relation
with productivity processes.
2 Role of biological pro-
cesses on vertical fluxes
According to the low suspended matter
concentration, the Southern Adriatic and
Ionian Sea can be considered as representa-
tive of oligotrophic systems. The availabil-
ity of different inorganic or organic nutrient
forms, related to the water column struc-
ture and circulation dynamics, affected the
structure of phytoplankton communities,
primary production rates and the character-
istics and composition of the vertical fluxes
[12]. The phytoplankton communities in
both areas are composed of organisms liv-
ing in an often nutrient-limited environ-
ment where relatively fast blooms of the
larger sized fraction occur. Two modes of
the food web operation in the photic zone
can be identified [13]: a winter situation,
characterised by the nutrient uptake carried
out by larger organisms, with a late winter-
early spring maximum sedimentation rate,
followed in summer by the growth of the
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Figure 2: Time series of vertical fluxes of organic carbon (Corg), biogenic silica (Si-Bio),
carbonate (Carb) and number of swimmers measured from November 2006 to April 2007
in the south Adriatic Pit below the photic zone, at 168 m depth.
small phytoplankton fraction with a low
sinking rate [14]. In the southern Adri-
atic, the influence of waters coming from
the northern Adriatic is evident at the sur-
face of the western side of the basin. The
phytoplankton community is mainly rep-
resented by diatoms and nanoflagellates.
In the northern Ionian, particulate mat-
ter concentration was lower compared to
the Adriatic and the phytoplankton com-
munity was dominated by nanoflagellates
and coccolithophorids [12]. Phytoplankton
growth and primary production rate might
be strictly related to vertical fluxes of par-
ticulate matter thus the vertical fluxes mea-
sured reflect the different trophic status of
the two basins. The Ionian vertical fluxes
are lower than the Adriatic ones (average
of 36 and 105 mg m−2 day−1, in the up-
per trap, in Ionian and Adriatic, respec-
tively). With the same trend, the C-export
in the Ionian was halved in respect to the
Adriatic (5 and 10 mg C m−2 d−2, re-
spectively). The downward C-flux showed
high seasonality and episodic events (Fig-
ure 2). The C-flux peaks, observed in
late winter-spring, generally last for a sin-
gle sampling period (10-15 days), and can
account for up to 50% of the annual C-
flux. Maxima of C fluxes are strictly cor-
related with high biogenic silica and car-
bonate fluxes, e.g., in the Adriatic in a
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Figure 3: Schematic food web (redrawn from [11]). The Micro-phytoplankton and Meso-
zooplankton communities control the export of particles from the upper photic layer to
the deep sea.
single 15-day long event in spring 2007
the biogenic silica flux accounted for about
40% of the total 6-months flux (Figure 2).
These events of high export, normally lim-
ited in time, could be correlated to blooms
of different micro-planktonic communities,
with silicate (e.g., diatoms and radiolarian)
or carbonate (e.g., coccolithophorids and
forams) skeleton organisms. After or si-
multaneously, a higher abundance of fae-
cal pellets and swimmers was found in
the traps Figure 2, highlighting the role
of the zooplankton grazing in the verti-
cal transfer of carbon. These observa-
tions confirm the importance of the micro-
phytoplankton and of meso-zooplankton in
the export of particles from the upper wa-
ter column (Figure 3). Early-spring blooms
have been related to the vertical mixing of
the upper water column supplying deep in-
organic nutrients in the photic layer. In the
southern Adriatic the vertical mixing con-
vection is considered the dominant process,
increasing primary production and down-
ward fluxes of particulate matter [15, 16].
The intensity and duration of the convec-
tive vertical mixing is related to heat fluxes
and shows an interannual variability as ob-
served comparing the different cooling pe-
riods in winters 1996-97 and 1997-98. The
longer period in spring 1998 determined a
deeper convection process which increased
the primary productivity in the photic layer
and the vertical fluxes (Figure 4). In both
areas a positive coupling between the car-
bon flux in the upper trap and productivity
measured in the same periods was observed
[12] and the coupling of pelagic phyto-
plankton abundance and downward flux in
the Otranto Strait was also described by
[17]. The organic carbon export with re-
spect to the primary production (f-ratio)
showed low values (<5-10 %, Figure 5).
Calculated at annual scale, at the Adriatic
station the f-ratio was 3.4% for the upper
trap and 2.7% for the lower trap. At the Io-
nian station the f-ratio was 3.9% below the
upper layer and 0.8% at the deepest trap.
These low values indicate high carbon util-
isation and/or high efficiency of particulate
organic matter degradation, i.e. fast recy-
cling in the upper water column.
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Figure 4: Influence of climatology (from calculated heat fluxes) on the export of par-
ticles in the South Adriatic Pit from January 1997 to November 1998. The lower heat
fluxes measured in late-winter/early spring 1998 respect to the previous year determined
a deeper mixing and, consequently, an increase of primary production and vertical flux
of particles.
3 Continental margins:
active area for advective
transport
In the South Adriatic Pit, particle fluxes
near the bottom (on average 201 mg
m−2day−1) show higher values in respect
to those measured just below the surface
productive layer and these higher values
are likely due to horizontal and advective
contributions of material transported into
the basin by mesoscale circulation.
In the Adriatic sea this process can be
correlated to the spreading of bottom wa-
ters from shelf areas along the continen-
tal slope. In particular the morphological
structure determined by the Bari canyon
represents an efficient conduit in deliver-
ing suspended sediment from the continen-
tal shelf to the deep southern Adriatic basin
[18].
It is known that canyons act as trapping ar-
eas for sediments and provide a direct con-
duit for sediment transport from the con-
tinental shelf to the deep sea depositional
systems [19]. Furthermore, canyons influ-
ence the water flow along the continental
margins by forcing a cross-shelf exchange
[20] and canalizing dense water to the deep
basins [21], thus modulating in turn also
the amount of particle export. For exam-
ple, in the Gulf of Lions, downward parti-
cle fluxes differ up to three orders of mag-
nitude over a 6- year period [22] with in-
terannual variability caused by both partic-
ulate inputs and the intensity of the oceanic
transport processes including storms, fluc-
tuation of cyclonic currents and dense wa-
ter cascading [23, 24].
The Bari Canyon is the main canyon sys-
tem along the Adriatic margin and plays
an important role in the water dynamics
of the southern Adriatic basin. An in-
tegrated approach including hydrological
measurements, i.e. suspended matter dis-
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Figure 5: Relationship between primary production and organic carbon export (C-Flux)
in the south Adriatic Pit in two different sampling periods. Organic carbon export repre-
sents generally less then 10% of primary production (values of primary production from
Malaguti, pers. comm.).
tribution, water dynamics, water-column
particle fluxes and sedimentary data, al-
lowed to define the main processes occur-
ring in the canyon [18].
Total mass fluxes measured by sediment
traps near the bottom in the canyon area,
inside the two main branches of the canyon
and on the open slope, at 600 m depth, were
one order of magnitude higher (ranging
from 3000 to 8000 mg m−2 day−1 on av-
erage) than the ones measured in the deep
Adriatic (1200 m depth). The highest parti-
cle fluxes were recorded in spring, a period
characterized by the lowest water temper-
atures and the highest current speeds (up
to 72 cm−1) along the canyon axes that
can be related to a vein of North Adriatic
Dense Water (NAdDW) flowing southward
along the Adriatic shelf. The temporal vari-
ability of total mass fluxes, showing max-
imum values in the stations located inside
the canyon and on the slope area, suggests
that similar processes of sediment transport
are active along the entire southern Adri-
atic margin, but that they are amplified in
the Bari canyon system, highlighting that
the canyon is an efficient conduit in deliv-
ering suspended sediment from the conti-
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Figure 6: Biochemical composition of sediment-trap samples collected in southern Adri-
atic Pit below the photic layer (upper trap) and near the bottom (deep trap) compared with
the sediment-trap-samples collected near the bottom of the Bari canyon showing simi-
lar compositions between the deeper traps. N/C = total particulate nitrogen/particulate
organic carbon molar ratio; δ 13C(‰) = stable isotopes of organic carbon.
nental shelf to the deep southern Adriatic
basin.
Downcore profiles of 210Pb in sediments
collected below the traps in the Bari canyon
and on the slope areas have been used
to estimate sediment mass accumulation
rates (MARs) on a century scale. On the
open slope, the annual trap flux recorded in
2004-2005 was lower than MAR. On the
contrary, in the Bari Canyon, the annual
trap flux was higher than MAR, indicating
that the lateral advection of particles be-
comes predominant and that a fraction of
the particles intercepted by sediment traps
was only in transit through the canyon. On
the open slope area the discrepancy be-
tween the two estimated rates could be at-
tributed to under-trapping effects or to in-
terannual variability of NAdDW formation
and spreading [18].
The biogeochemical comparison of surfi-
cial sediment samples from the western
Adriatic shelf and material collected by the
sediment traps excludes the direct trans-
port of material from the inshore region to
the slope (e.g., via river floods or wave-
1298
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induced resuspension) during the observed
period. Conversely, the material trapped on
the slope exhibits an organic matter com-
position comparable to the sediment of the
outer shelf [25]. This suggests a relatively
long retention of sediments on the inner
shelf before reaching the outer shelf, and
that current-resuspension of sediment on
the southern outer shelf contributes to the
down-slope flux in the Bari Canyon. More-
over, the similarity in organic matter bio-
chemical composition between the Adri-
atic deep basin and the Bari canyon area
(Figure 6) confirms the link between the
shelf-slope area and the deep basin.
The results of the mooring experiment in
the submarine slides in the Gela basin
(Sicily strait area) conflict the sedimento-
logical and stratigraphic evidences: mass
fluxes and current speeds are low and cur-
rent directions seem not to be influenced by
the land-slide induced morphology.
The origin of this disagreement may be due
to the small-scale spatial complexity. Sub-
marine slides occasionally impact a certain
slope and basin sector. Seasonally modu-
lated events, as bottom-hugging dense wa-
ter events, which normally occur at the end
of winter, may be captured by the induced
morphological indentation (i.e., the NW
Mediterranean canyons and Bari canyon).
Our results show that these events were
absent in the Gela area during the experi-
ment interval. In contrast, other stochastic
events, as turbidite currents, may have af-
fected the sediment instability of the deep-
seated and highly steep headscarp of the
southern slide.
4 Conclusions
From long-term sediment trap studies we
have learned much of what we know about
the biological pump and transfer of par-
ticulate organic material from the surface
ocean to the deep sea. Deep-sea pelagic
and benthic organisms depend on the rain
of particles from above, and benthic time
series have illustrated how communities re-
spond to climate-induced changes in sed-
imentation. Investigations on the verti-
cal fluxes of particles along the water col-
umn in deep central Mediterranean areas
permitted to highlight and evaluate the
complex interactions among climatological
events, biological processes, geomorphol-
ogy and water masse dynamics. All these
components concur to determine the vari-
ability and intensity of the vertical trans-
fer of material and energy to the bottom.
Early important results from deep time-
series sediment trap studies included the
discovery of a tight coupling between sur-
face seasonal patterns in primary produc-
tion and the deep sea, resulting in a strong
seasonality in deep-ocean particle fluxes,
and the important role of episodic flux
events in rapid transport of biogenic mate-
rial to depth [26]. The role of large plank-
tonic organisms both autotrophic and het-
erotrophic is relevant in the fluxes below
the upper layer that show high-seasonality
and short time events. Episodic, short-
lived, high-flux events in the deep sea that
are not associated with the spring bloom
are important in the delivery of highly la-
bile organic material and can account for a
significant proportion of the export flux of
bioavailable C for mesopelagic and deep-
sea benthic organisms. These episodic
events have been linked to physical forc-
ing such as physical perturbation, related to
the interaction between the general water
circulation and the geomorphologic struc-
tures.
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